To test a model recently proposed to account for the observation of efficient second-harmonic generation in glass fibers, we have applied a strong dc electric field to the glass preform from which the fibers were drawn. We find that at most a temporary x(2) is induced, with a lifetime of a few minutes.
Following the recent discovery 1 of efficient secondharmonic generation (SHG) in glass optical fibers, some effort has been devoted toward elucidating the mechanism responsible. In particular, a model has been proposed 2 in which the laser pump light at 1.064 Am mixes with some 532-nm harmonic light already present (possibly from quadruple SHG) through X (3) to generate a dc polarization field. This field then orients defects in the fiber, inducing a macroscopic x with the correct spatial periodicity to allow phasematched SHG to occur., In support of this model it was demonstrated that if the fiber is seeded with an external source of 532-nm harmonic light, along with the usual 1.06 4 -/im pump light, the nonlinearity is formed in minutes rather than in the several hours required if 1.064-Am light is used alone. Here we present the results of experiments that test whether a static electric field can create a permanent macroscopic x(2) in the glass preform from which the fiber is drawn.
First we calculate the peak field produced in the fiber through the suggested X( 3 ) mixing process. For three input fields of the form E(z, t) = 1/26(w)
where Ako,-k(2w) -2k(w) is the wave-vector mismatch and ' contains the phase factors of the fields and X() For the simplest case of a slab of polarizable material of dielectric constant E, the'resulting macroscopic dc electric field is given by
E
To estimate x(3) we use 3 the nonlinear refractive index for fused silica, n 2 = 0.85 X 10-13 esu. In our notation this yields x(3)(-co; co, c, -X) = 1.3 X 10-14 esu. We will ignore dispersion and use this value as our estimate of X( 3 )(0; c, c,-2X). Finally, we use the laser beam and fiber parameters given 2 for the external seeding experiment. The peak 1.064-and 0.532-Am powers were 3.5 kW and 10 W, respectively. The effective fiber areas of the fundamental and harmonic modes were 3.29 X 10-7 and 8.65 X 10-8 cm 2 , respectively. We also use 4 n(w) = 1.45 and n(2w) = 1.46 (the indices of refraction of fused silica) and e = 3.8 (the static dielectric constant of fused silica) to obtain edc, the peak value of Ed,, to be Cdc -0.5 V/cm. (3) While this is the result of a plane-wave calculation, it is a reasonable order-of-magnitude estimate of the peak static field strength obtained in the fiber experiment. 2 This result is surprisingly small but leads to a straightforward laboratory test of the model. By applying a strong static field (relative to the 6 dc calculated above) to the bulk-glass preform from which the fiber is drawn, it is possible to test whether a permanent x(2) has been induced in the glass.
The fiber preform used for the experiment was a piece of the same preform from which was drawn the fiber that has to date 5 yielded the highest conversion efficiency (5%). Made by the modified chemical-vapor deposition process, it is a 15-mm-diameter fusedsilica rod doped with 0.5 wt. % P 2 0 5 and also 3 mol % GeO 2 in the central region (about 1.7-mm diameter). For the experiment the preform was ground down to a 1.0 cm X 1.2 cm rectangular shape with the core region in the center. A slice about 0.5 mm thick was cut and the entrance and exist faces optically polished. The finished glass slice was clamped between two polished brass capacitor plates, each 5 cm X 5 cm and separated by 1 cm (see Fig. 1 ). The preform slice was held in place by mechanical pressure from the plates. To ensure good electrical contact, 100 nm of gold was vacuum evaporated onto the 1.2-cm-long edges of the preform slice. With this configuration it was possible to apply up to 10 kV of electricity, yielding a dc field, Note that since the sample is not phase matched, at most one coherence length can contribute to the observed signal; this does not affect the ratio given in Eq. (4). To estimate the minimum value of this ratio we use do = 10 kV/cm, and we use the X( 3 ) for fused silica given above. We also use Ix( 2 )J = 7.7 X 10-13 esu, which is the estimate given in Ref. This implies that the second-harmonic signal observed after the static field is removed should be comparable with the signal observed with the field applied. One complication is that, with the field applied, there is also an ESHG signal from the air between the capacitor plates. This was observed by removing the sample from the holder and was found to be consistent with published 6 values of the X(3) of the constituent gases of air. The contribution of the air depends on the nature of the fringing fields from the capacitor plates, unlike the signal from the glass, which is completely situated in the uniform region of the field. This is the chief limitation in the accuracy of the result given in relation (5). Nevertheless our final conclusions will not be affected by this limitation.
Since the ESHG signal is weak, a sensitive experimental apparatus is required. The system employed 7 was designed and constructed for making surface SHG measurements from materials with a center-of-inversion symmetry. The Nd:YAG laser used as a probe operated at 1.06 yrm and produced 35-psec pulses at 10 pulses per second. Typical pulse energies incident upon the sample were 5 mJ, with a measured beam diameter of 3.9 mm at the l/e 2 points. The second harmonic, separated from the fundamental with filters, was detected with a high-gain photon-counting photomultiplier tube, followed by a boxcar integrator.
A separate reference channel was used to reduce longterm system drift. The signals were digitized and processed by computer, which performed a shot-byshot normalization of the signal to the reference channel.
The results of an experiment are illustrated in Fig. 2 . The second-harmonic signal is plotted as a function of what is effectively the time. The computer averages 100 shots per data point (10 sec), then calculates the mean and the standard error of the mean (0.7 sec), which are plotted so that each run of the experiment takes 10.7 sec. In this way it is possible to observe slow events in real time. In this experiment the 10-kV/cm static field is applied after run number 10 for 50 runs and then removed. As soon as the field is applied a signal is observed, but it is not constant, instead decaying to a new steady-state value. Other experiments lasting up to 1 h indicate that this new signal level, once attained, is indeed constant. When the external static field is removed there is an initial precipitous drop in signal, followed by an exponential decay in the remaining signal. By comparison, in a similar experiment performed with plain fused silica, and also with Schott PSK-53 phosphate glass, the sample responded immediately to changes in the applied electric field.
To interpret these results we assume that the ESHG signal from the glass, as well as from the air, responds instantaneously to the applied dc field. This is observed with the sample removed and just air present. In addition, we consider the possibility that the dc field has induced a x(2) in the preform, perhaps by orienting defects 2 that respond slowly to the external field. Since the signal present immediately after the removal of the field does not persist indefinitely, it is apparent that a permanent x(2) has not been induced in the sample. We therefore consider the simplest phenomenological expression governing the buildup or decay of the x(2):
dt -where r is the response time constant of the x(2) and f(60) is some driving force that is a function of the external dc electric field.
In this picture, when the electric field is removed the ESHG contribution disappears immediately (hence the sharp drop in signal in Fig. 2 ) and the remaining second-harmonic signal from the induced x(2) decays exponentially. From a weighted least-squares fit to the data shown in Fig. 2 (after the dc field is removed) we find that r = 254 ± 12 sec. With this -r we may readily fit the data just after the dc field is applied by assuming that x(2)(r) is governed by Eq. (6) with a constant ESHG contribution of unknown relative phase. With three free parameters for this part of the fit, agreement may be viewed as consistent with, but not as proof of, the simple picture put forward here.
The signal was observed to be a quadratic function of the laser pulse energy, as must be the case for SHG. 8 These measurements were made in the steady-state regime after the dc field was applied. Also, in this regime it was observed that the signal was a quadratic function of the applied field strength, as measured from 0 to 10 kV/cm. This must be the case for the ESHG but is not necessarily so for an induced x(2). 9 This result implies that the f(f 0 ) in Eq. (6) is linearly proportional to 60, which in turn suggests that the x(2) set up by the 10-kV/cm dc field is far from saturating. This is also consistent 9 with our observation that the polarization properties of the second-harmonic signal are the same as for ESHG,1 0 i.e., the second harmonic is polarized parallel to the static field for the fundamental polarized either parallel or perpendicular to the static field. For completeness we note that there is a second" model that also proposes an alternating x(2) to explain phase matching. Here it is proposed that color centers are generated in the regions where 532-nm light (initially from quadrupole generation) is most intense. While color centers may be important in this problem, no explanation is given 11 about what gives the dipole centers associated with the color centers the preferred direction necessary to create a macroscopic x(2) (i.e., what distinguishes up from down?).
Finally, we wish to make a point about the role of the laser in our experiment. Although we used a highpower laser, with power densities in the bulk sample approaching (but still less than) those used in the fiber, 2 the duty factor of our laser is 6 orders of magnitude smaller than that of the laser used in Ref. 2 . Therefore the laser plays only a passive role in our experiments, acting as a probe but not itself modifying the sample. In particular, r was not affected by varying the pulse energy or repetition rate. Also, it was not found possible to prepare the preform with the laser alone, even when the preform was externally seeded with 532-nm light, after many hours of continuous exposure. This is consistent with the small duty factor. On the other hand, our dc field, being on continuously, had a duty factor 3 orders of magnitude larger than what would be obtained from X(3) mixing in the fiber experiment.
